To study and compare the function and structure of the urethral sphincter in female Zucker lean (ZL) and Zucker fatty (ZF) rats and to assess the viability of ZF fats as a model for female obesity-associated stress urinary incontinence (SUI).
Introduction
Obesity affects 78 million people in the USA and is becoming increasingly prevalent [1] . The annual cost of $147 bn for treating obesity-related illnesses is predicted to rise to $1.8 tn by 2018. Obese women in particular risk developing stress urinary incontinence (SUI) [2] . In one study, a five-point rise in body mass index was correlated with a 20-70% increase in incontinence [3] . The mechanism underlying this obesityassociated SUI is not well understood. Current treatments for the condition include weight loss, pelvic floor muscle training, injection of bulking agents and sling surgeries; however, these approaches are often either ineffective or may be associated with significant post-treatment complications. It is therefore vital that we determine the mechanisms underlying obesityassociated SUI so that we can develop an effective non-invasive or minimally invasive treatment for this pervasive condition.
Although obesity has been established as a risk factor for female SUI or as a contributor to the severity of the condition, little is known about the mechanism for this association. In 2010, Gasbarro et al. [4] studied the obesityassociated urodynamic characteristics of Zucker diabetic fatty (ZDF) rats, which develop progressive insulin resistance and glucose intolerance between 3 and 8 weeks of age and become overtly diabetic between 8 and 10 weeks of age [5] ; however, this is not an ideal animal model for obesityassociated SUI because the condition of diabetes may itself cause bladder dysfunction and incontinence. The Zucker fatty (ZF) rat (ZUC-Lepr fa 185) is, however, considered an appropriate model for prediabetes, as characterized by a genetic defect in the leptin receptor, which results in hyperphagia, insulin resistance, hyperinsulinaemia, hyperlipoproteinaemia and obesity. These rats become glucose-intolerant but do not develop type 2 diabetes [6] . The ZF rats are ideal for the study of genetic obesity, insulin resistance, glucose intolerance and metabolic syndrome [7] , and thus are conceivably a good animal model for the study of obesity-associated SUI.
Striated muscles often undergo atrophy in association with obesity [8] . The urethral rhabdosphincter is the key component involved in urinary continence during straining; however, virtually no studies have examined the relationship between obesity and urethral striated muscle dysfunction, with the exception of two review articles that suggest such a link may exist in female dogs [9, 10] .
One explanation for obesity-associated SUI is that obesity causes increased intra-abdominal pressure, which weakens pelvic floor innervation and musculature [11] , and indeed, obesity is associated with incontinence of the urethral sphincter in experimental dogs [9, 10] ; however, there are no published studies that directly address the pathological changes of the striated muscle of this sphincter. This is surprising as it is well documented that obesity produces atrophy, weakens contractility and inhibits regeneration of skeletal muscle [12] . It is also known that obesity causes lipid deposition in striated muscle via increased uptake of circulating fatty acids. Lipids within striated muscle comprise two pools: extramyocellular lipids in adipose cells between myofibres and intramyocellular lipids (IMCLs) within muscle cells [13] . Both types of lipid can weaken muscle contractility; accordingly, their accumulation in urethral striated muscle may result in sphincter dysfunction. IMCLs could also lead to the suppression of biogenesis, inhibition of mitochondrial function and alteration in the fibre type composition of the obese rat [14] . To validate the hypothesis, therefore, that urethral dysfunction is a contributor to obesity-associated SUI, the present study aimed to elucidate how obesity affects the structure and function of the female urethral sphincter in a rat model of genetic obesity.
Materials and Methods

Animals and Overview
All experimental protocols were approved by the Institutional Animal Care and Use Committee at our institution. Twelve 16-week-old female Zucker lean (ZL) rats (ZUC-Lepr fa 186) and 12 16-week-old ZF rats were obtained from Charles River Laboratories (Wilmington, MA, USA). After a 3-day acclimation period, the rats were evaluated for insulin tolerance, micturition patterns in metabolic cages and conscious cystometry, as well as leak point pressure (LPP).
Intraperitoneal Insulin Tolerance Test
The rats were fasted for 12 h with constant access to drinking water. The basal glucose levels were determined in each rat first. Next, 0.5 IU/kg of fast-acting insulin (Sigma, St Louis, MO, USA) was injected i.p. Blood was taken by tail puncture at 30, 60, 90 and 120 min after insulin injection and was measured using test strips (Accu-Check Active; Roche Diagnostics, Indianapolis, IN, USA).
Metabolic Cage
All rats undergoing 24-h voiding behaviour studies were placed in a metabolic cage for 24 h on a 12 h light:12 h dark cycle. Each monitoring period started at 16:00 h. Number of voids and volumes were recorded by a fluid collector connected to a pressure transducer (Utah Medical Products, Midvale, UT, USA). The pressure transducer was connected to a Pentium â 4 computer (Dell, Round Rock, TX, USA), with LABVIEW 6.0 software (National Instruments, Austin, TX, USA) to monitor the cumulative weight of collected urine. All rats had free access to water and food while in the cage. Voiding frequency and volume were recorded for 24 h.
Conscious Cystometry
Under isoflurane anaesthesia, a transvesical catheter was inserted 24 h before urodynamic testing. The tip of a polyethylene-90 tube (Clay-Adams, Parsippany, NJ, USA) was heated to create a collar, and the catheter tip was implanted at the bladder dome. A second probe was placed in the intraabdominal space to measure the abdominal component of the vesical pressure. A piece of polyethylene-90 tubing was fitted with a small balloon and tied in place with a suture. The tubing was passed through the abdominal wall musculature and tunnelled s.c. to emerge at the dorsum of the neck. For conscious cystometry, the rat was restrained in a tunnel attached to a metabolic cage grid (Braintree Scientific, Braintree, MA, USA). The bladder was filled at a rate of 0.1 mL/min using an infusion pump (KD Scientific, Holliston, MA, USA). Intravesical pressure changes were recorded by a computer with LABVIEW 6.0 software at a rate of 10 samples per second. The voided urine was recorded by an electronic scale connected to the LABVIEW software. After stabilization of the micturition cycle for 10 min, the bladder was emptied by aspiration, and micturition cycles were recorded for 40 min. Multiple cystometric variables were recorded by obtaining the mean values of four voiding cycles. Baseline pressure was defined as the lowest bladder pressure between voids. Voiding threshold pressure was the pressure at which urine was first detected at the urethral meatus. The voiding function of each rat was classified as 'abnormal' if bladder filling was accompanied by frequent, low-volume bladder contractions with urethral leakage.
Leak Point Pressure
The anaesthetized animal was placed supine at the level of zero pressure while the bladder was filled with room 318 © 2016 The Authors BJU International © 2016 BJU International temperature saline through a bladder catheter connected to a pressure transducer. LPP was tested at the half-bladder capacity. It was tested by manually increasing bladder pressure until a leak occured, at which time the external vesicle pressure was rapidly removed. Peak bladder pressure was recorded as the LPP. Upon completion of LPP assessment, the rats were killed, and their urethras were harvested for histology.
Immunofluorescence and Intramyocellular Lipid Droplet Staining
Cryosections of urethral tissue samples were prepared as described previously [15] . Immunofluorescence was performed as described previously [16] , using phalloidin and anti-myosin heavy chain (MHC) antibody (Abcam Inc., Cambridge, MA, USA). To identify IMCLs within urethral striated muscle, we used the staining procedure reported previously [13] . After washing with PBS, the slides were incubated with LipidTOX neutral lipid stain (1:1000; Invitrogen, Carlsbad, CA, USA) at room temperature for 30 min, followed by staining with phalloidin (Invitrogen). For image analysis, five randomly selected fields per tissue per rat for each treatment group were photographed and recorded using a Retiga Q Image digital still camera and ACT-1 software (Nikon Instruments Inc., Melville, NY, USA).
Image Analysis and Quantification
For image analysis, five randomly selected fields per slide were photographed and recorded for MHC and phalloidin staining using a Retiga imaging camera and ACT-1 software (Nikon Instruments, Melville, NY, USA). Image-Pro Plus (MediaCybernetics â ) was used to quantify differential staining and measure the length and diameter of elastic fibres and muscular fibres.
Statistical Analysis
Data were analysed with PRISM 5 (GraphPad Software, San Diego, CA, USA). To determine the difference between the means of two groups, a t-test was applied. Differences were considered significant for P values <0.05. All data are shown as mean AE SD.
Results
Obesity and Insulin Resistance
The body weight of ZF rats was higher than that of ZL rats (P < 0.05; Fig. 1 ). The i.p. insulin tolerance test was carried out before functional tests were started. Baseline blood glucose levels were higher in the ZF rats than in the ZL rats (P < 0.05). During the i.p. insulin tolerance test, glucose concentrations declined slowly in the ZF group, and at each time point the glucose level was higher in the ZF group than in the ZL group (P < 0.05). This showed that ZF rats were insulin-resistant (Fig. 1) . Light pressure on the suprapubic area caused urine leakage from the external urethral orifice in ZF rats (Fig. 1B) . More periurethral adipose tissue was observed in ZF rats than in ZL rats (Fig. 1C) .
Micturition Patterns and Leak Point Pressure
In the ZL rats a stair-like pattern of weight change was observed in the urine chart, which was deemed a typical micturition pattern. ZF rats had a greater total voided volume than the lean group, attributable to their greater body weight. A substantially Fig. 3 Compared with Zucker lean (ZL) rats, with infusion of saline into the bladder, Zucker fatty (ZF) rats had a lower increase of bladder pressure from baseline, many without a discrete void but instead with continuous leakage. Leak point pressure (LPPs) in ZF rats was much lower than that in ZL rats (n = 12; P < 0.05).
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© 2016 The Authors BJU International © 2016 BJU International higher micturition frequency was noted in the ZF group compared with the ZL group (35 times/24 h vs 17 times/24 h). Some ZF rats were even observed to have continuous urine leakage during micturition recording (Fig. 2) During each voiding episode, the bladder pressure of ZL rats increased to~55 cm H 2 O from the baseline level of 10 cm H 2 O. A discrete amount of~0.5 mL of voided volume was recorded with each bladder contraction. By contrast, ZF rats had a lower increase in bladder pressure to 25 cm H 2 O from baseline and leaked continuously, without a discrete void. This abnormal voiding pattern was observed in five out of six rats in the ZF group and in none of the six rats in the ZL group. In addition, ZF rats had a lower LPP than ZL rats (29.8 AE 8.1 vs 69.3 AE 7.7 cm H 2 O; Fig. 3 ).
Obesity Structurally Impairs Urethral Striated Muscle
To elicit the mechanism of the lower LPP observed in the ZF rats, urethral tissues were stained with striated muscle marker MHC and F-actin (phalloidin). The results showed a much thinner urethral wall and thinner urethral striated muscle layer in ZL rats than in ZF rats. In addition, the individual muscular fibres were shorter in ZF rats than in ZL rats (Fig. 4) .
Intramyocellular Lipid Droplets in Urethral Striated Muscle
There was abundant lipid droplet accumulation within the urethral striated muscle myofibres in ZF rats, while few lipid droplets were observed within the urethral striated muscle myofibres of ZL rats. Compared with ZL rats, ZF rats had a higher percentage of muscle fibres containing lipid droplets and a higher ratio of lipid droplets to muscle fibres (P < 0.05; Fig. 5 ).
Discussion
It is well known that obese women are at high risk of developing SUI [2] . The association of SUI with obesity has , smooth muscle layers (C), and striated muscle layers (D) compared with Zucker lean (ZL) rats, the ZL rats had a higher ratio of striated muscle to smooth muscle (E), longer striated muscle fibre length (F), and more striated muscle layers (G) (n = 12; P < 0.05).
© 2016 The Authors BJU International © 2016 BJU International 321 long been recognized, but because of the lack of suitable animal models, the pathogenesis of obesity-associated SUI remains poorly understood. It is essential to have a good animal model in which to study this important and prevalent medical condition, but no such well-established animal model for obesity-associated SUI exists. Several animal models of SUI have been reported, and vaginal distension methodology has been widely used to create a model of SUI in rats [17] . We hypothesized that the ZF rat, a widely studied model of obesity and insulin resistance, might also be characterized by SUI. Our results showed lower LPP and loss of the normal stairway-like micturition pattern in ZF rats.
Anatomically, the urinary continence control system can be divided into two parts: the urethral supportive system and the urethral sphincteric closure system [18] . Pelvic floor muscle, the major component of the supportive system, consists of three main parts: the pubococcygeus, puborectalis and iliococcygeus muscles. The pubococcygeus and the puborectalis muscles form a U-shaped structure as they originate from the pubic bone on either side of the midline and pass behind the rectum to form a sling. It is the constant tone of this sling that normally keeps the urogenital hiatus closed. The sphincteric closure of the urethra is normally provided by the urethral striated muscles, the urethral smooth muscles, and the vascular elements within the submucosa. Striated muscles are found throughout the entire urethra, being most prominent around the middle urethra; thus, this layer of external striated muscles that runs the entire length of the urethra, except for the neck region, might have a sphincteric function for the bulk of the entire urethra. In addition, previous studies also suggest that the middle urethra might be more important in modulating micturition [19] .
Historically, it was believed that obesity primarily impairs the urethral supportive system by increasing the intra-abdominal pressure on the pelvic floor musculature and innervation [1, 11, 20] ; however, few studies have examined voiding function and the pathological changes in the urethral sphincteric closure mechanism, especially the urethral striated muscle, which is closely related to continence. Gasbarro et al. [4] reported that the LPP in female ZDF rats was lower compared with control rats, but this difference was not statistically significant. However, the present study showed that ZF rats had a significantly lower LPP than ZL rats. This disparity might be explained by the different animal model used in each experiment in terms of genotype and phenotype; however, despite the difference in animal model, LPP was [5] . The ZF rat is considered an appropriate model for prediabetes, as characterized by a genetic defect in the leptin receptor, which results in hyperphagia, insulin resistance, hyperinsulinaemia, hyperlipoproteinaemia and obesity. ZF rats become glucose-intolerant but do not develop type 2 diabetes [6] .
In middle-aged mice, obesity from chronic high-fat feeding was reported to decrease the myofibre area, and the number of satellite cells and myonuclei of the gastrocnemius muscle [21] . Similarly, more tenuousappearing muscle fibres, with obvious thinning and atrophy of the striated muscle, were observed in the urethra of ZF rats compared with the ZL rats in the present study. Thus, the thinner striated muscles in the mid-urethra probably contribute to incontinence in ZF rats.
Skeletal muscle can take up plasma free fatty acids and then allocate them to either mitochondrial oxidation and triglyceride synthesis or lipid droplet storage [22] . The vast majority of fatty acids taken up by muscle are either oxidized by mitochondria to synthesize ATP or stored as IMCLs (up to 90% in the soleus muscle) [23] . In obesity, the oversupply of fatty acids during low energetic demand results in lipid accumulation, incomplete b-oxidation, and reactive oxygen species production, which may then interfere with muscular contraction. ZF rats showed insulin resistance during i.p. insulin tolerance testing. This is consistent with the concept that IMCLs can act as a surrogate for ceramide and diacylglycerol, which are implicated in insulin resistance by perturbing insulin signalling pathways. Our results also showed that abundant IMCLs accumulated within the urethral striated muscle myofibres in ZF rats, while few IMCLs accumulated in the urethral striated muscle of ZL rats. Consequently, IMCL accumulation might explain the incontinence in ZF rats by causing the dysfunction of striated muscle along the urethra.
In conclusion, obesity impairs urethral sphincter function by IMCL deposition and leads to atrophy and distortion of urethral striated muscle. ZF rats can serve as a novel animal model in which to study obesity-associated SUI.
